Unlined Mole Lines for Irrigation
F OR many years mole lines have been used to drain organic and heavy clay soils. Schwab (10) " cites examples of their use before the manufacture of tile.
The principal advantage of the use of mole tubes for drainage is their low initial cost. Harrison ( 5 ) and Stephens (11) estimate the cost in installing unlined mole lines as 1/40-1/20 of a cent per lin ft. Fouss et, al. ( 4 ) suggest the cost of plastic-lined mole lines may be 10-12 cents per lin ft. Although mole lines may not have an operational life as long as that of tile drains, they may remain operative for many years, particularly when installed in organic soils. The expected functional life of mole installations placed in clay soils is somewhat less than that in organic soils; however, they may prove a practical method of draining tight, heavy clays.
Although mole lines have been used principally for drainage, they have also been used in limited extent as an irrigation method: primarily in conjunction with a water table. The prime objective of the present investigation was to determine the feasibility of using unlined mole lines for irrigation under conditions where a water table did not fall within the root zone of a crop. This technique of applying water might offer potential as an irrigation method since capital investment and labor costs are relatively low.
During the years 1962-1969, field tests have been conducted in various soil types. In general, the soils were shallow alluvial deposits underlain by a heavy, dense glacial till. The objectives of the tests were:
1. to determine the pull required to install the lines, 2. to determine the grade on which lines should be installed, 3. to learn the most practical spacing and depths of lines and irrigation times for different soils, and 4. to evaluate the feasibility and practicality of unlined mole lines as an irrigation method. 
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In the study, the lines were installed with a modified No. 25 John Deere Sub-Soiler and a D-6 Caterpillar Tractor. The sub-soiler was equipped with an 18-in. rolling coulter to slice through trash, a floating packer wheel to pack the slit and a hydraulic cylinder to raise and lower the machine. Two torpedo-shaped moles of 4-in. and 6-in. diameters were attached in tandem by a chain linkage to the bottom of the sub-soiler shank.
Pull Requirements
One of the major cost factors in mole system construction is installation power. The magnitude of this factor determines whether the power unit available on a particular farm can perform the work.
It is generally accepted that the resulting force on a tillage implement pulled at a constant speed of operation is governed by the s h e a r i n g strength of the soil and the adhesion of the soil to metal. The shearing strength of the soil is dependent on its cohesive strength and the angle of shearing resistance. In turn, these properties vary with such soil factors as bulk density, clay content and soil moisture content.
To study pull requirements of the mole plow a series of tests were wmpleted in three soil types -sandy loam, loam and clay loam. Pull was measured by a simple beam-type, strain gauge dynamometer coupled between the power unit and the mole carrier. In construction of lines of approximately 100 ft in length, visual readings of pull were observed at different times recorded by a dial gauge attached to the dynamometer. These readings were then averaged to obtain a representative value of the pull required for installation at a given depth in a given soil at a given moisture content. As the line of pull was nearly horizontal in the direction of travel, the pull observed was taken equal to the draft. All lines were constructed at a speed of approximately 1% mph.
At each test site, soil samples were obtained with a Uhland Core-Sampler at two depths -one-half the depth of placement and depth of the mole itself. These samples were used to classify the soil type and to obtain values of moisture content and bulk density.
Discussion
By applying the principles of dimensional analysis to the results of these tests, dimensionless prediction equations expressing the relationship between pull, P, depth of operation, D, thickness of the mole shank, t, bulk density of the soil, B, and the gravimetric moisture content of the soil, M, expressed as a decimal were derived for each type. The equations obtained were:
c31 Since these equations are based on dimensionless ratios, any consistent set of units can be used in their solution. The equations show that for a given change in either moisture content or depth of operation, there is a greater change in the pull requirements for a clay loam soil than a sandy loam. These results can be attributed to the differences in the cohesive and adhesive properties of the soils as demonstrated by Baver (1) and Nichols ( 8 ) .
The agreement between the predicted and measured values of the dimensionless product, P/D3B, was extremely good (correlation coefficient, r = 0.97). The range in validity of these eauations is limited to these test 
Hydraulic Grade
Norum (9) considered the flow regime of a mole line to be analagous to that in a pipe line containing an infinite number of outlets. Under these conditions, equations for head loss in a line can be developed based on the Darcy-Weisbach equation of head loss for pipe flow.
We may assume that the percentage of the mole line having laminar flow is small a n d t h a t t h e major flow tllroughout the line is turbulent. Thus, the head loss in the line can be expressed in mathematical terms, where h = head loss in the line C = the flow coefficient incorporating the friction factor and the manifold flow factor P = percolation rate per unit length of line D = the nominal diameter of the line L = the length of the line, and g = acceleration due to gravity From equation [4] it can be shown that the loss in head over a line follows a hyberbolic curve with the greatest loss occurring in the first portion of the line. This distribution agrees with the findings of Robchenko ( 2 ) . He found that increasing the head at the entrance of the mole line had little effect on the head in the line at some distance from the entrance because a large percentage of the increased head was lost in the first portion of the line.
Discussion
To evaluate the coefficient, C, of equation [4], tests were conducted on two mole lines approximately 500 ft in length installed on the contour in a sandy loam soil. In each line, observation wells were augered to the invert. During the test, the head at the entrance of the line was maintained at approximately ground level. After the water levels in the observation wells had become relatively steady, the total head losses measured in the lines were, respectively, 0.23 ft at a percolation rate of 1.1 X 10-4 cfs per ft and 0.27 ft at a percolation rate of 1.5 X cfs per ft. 
The value of C = 0.15 was used to compute expected head loss for lines installed in several soils for which the percolation rates were known. Table 1 summarizes these results.
The authors recognize the limitation of using a single value for C, so derived, to compute the head loss for different soils. C was determined from tests in sandy loam soil and the values of the coefficient for the other soils would be expected to be lower because of a decrease in the percolation rate or internal roughness. Thus, the estimates of head loss for soils as given in Table  1 are probably greater than those experienced for these soils under actual conditions. On the basis of the preceding result, it appears that, in most soils, the head loss can be neglected. In effect, this suggests that mole lines should be installed on the contour. These findings have been substantiated by field observations on existing lines.
Moisture Distribution Patterns
Tests to study the moisture distribution patterns surrounding mole lines were conducted in the field on single lines approximately 100 ft in length. These lines were installed on the contour at a depth of approximately 22 in. In each test, the water level at the inlet was at ground level. Continuous records were taken of inflow. At certain times during each test, soil moisture measurements were taken at l-ft depth increments to a total depth of 6 ft. These measurements were made with a neutron probe with access tubes placed on 18-in. spacings perpendicular to one side of the line.
Results
The results for four of the moisture distribution tests are plotted in Figs. 1,  2 and 3 . These data summarize a range in conditions encountered during the experimental program. Information on other tests is available (9) .
In conjunction with the figures, the following points should be noted: --
1.
The textural classification is the average texture of the soil to a depth of 6 ft.
2. The depth of placement of the line refers to the invert of the line.
3. The horizontal distance between grid points is 18 in. and the vertical distance is 12 in.
4.
The moisture content contours are lines connecting points of equal soil moisture content. The measurements are expressed in inches of water per foot of soil.
5. The heavy line indicates the position of the wet front.
6. Irrigation time is the total length of time irrigation was conducted up to the time of measurement of the soil moisture.
7. Total time is the t o t a l time elapsed from the beginning of irrigation up to the time of measurement of soil moisture.
Discussion
As shown in Figs. 1, 2 and 3 , water moves from the mole and mole slit as a wet front. This wet front demarks a line across which the moisture content of the soil changes sharply from a wet to a dry condition within a short distance. When the front moves past any point in the system, the moisture content of this point is raised to a level which remains sensibly constant independent of the irrigation time. Cal-FIG. 1 Moisture distribution patterns-sandy loam: depth of line = 21 in., mole dia.
= 6 in., h a 1 percolation rate = 7.5 X lo6 cfs per ft.
culations of the moisture contents behind the front show that this level is in the range of 60-70 percent of pore saturation in sandy loam soils and 70-80 percent of saturation in the heavier clay. The results are in agreement with the observations reported by Moore ( 7 ) , Bodrnan, et al. ( 3 ) and Kirkharn, et a1 ( 6 ) . These studies report moisture distributions under three conditions -upward movement from a water table, movement downward from a ponded water source, and horizontal movement by capillarity. Fig. 1 shows the moisture distribution patterns observed in two tests conducted at the same location in a sandy loam soil. The tests differed in the ". length
Sandy Loam
The shapes of the wet front observed in these tests are characteristic of those expected in light-textured soils. In unsaturated flow the principal forces involved are surface tension and gravity. Sir~ce light-textured soils exhibit relatively low capillarity the largest gradient to flow is in the vertical direction; consequently, the moisture paltern is elongated vertically. Fig. 1 shows that if the depth of root zone is considered to be 4 ft, deep percclation losses occur in each test. The greater loss occurs with the longer irrigation time. It would appear that this soil could be irrigated efficiently by moles placed on 4-ft spacings using an irrigation time of approximately 8 hr.
Soil moisture readings taken 60 hr and 85 hr after irrigation indicated only a small change in position of the wet front compared to its position when irrigation ceased. Evidently, to obtain complete irrigation in these soils, the spaciilgs and irrigation time should be such that the advancing wet fronts from adjacent lines overlap within the irrigation period. Fig. 2 shows successive positions of the wet front obtained during an irrigation period of 278 hr. in heavy clay soil (56 percent clay). The shape of the moisture pattern is typical of a reasonably homogenous clay soil. Appreciable lateral movement of the front has occurred and the rate of movement W is extremely slow. Again, considering a 4-ft zone, it would appear that thessoils may be irrigated effectively with a line spacing of 5-6 ft and an irrigation time of 3-4 days. Fig. 3 gives the moisture distribution pattern surrounding a mole line installed in a different clay soil in which irrigation was continued for 72 hr. In this soil, movement of the front is principally lateral. This pattern was probably caused by a heavy, tight clay layer (approximately 65 percent clay) at the 3-ft depth which impeded movement of the front downward. Soils with anisotropic conditions are common to the region and several tests conducted at different sites showed similar results. For this soil a spacing of mole lines of approximately 12 ft and irrigation time of 3 days may be adequate. This combination is considerably different from that recommended for the soil (Fig. 2 ) which is texturally similar to the above but does not contain a definable ccnfining layer.
Spacing and irrigation times given have been suggested above for liigli application efficiencies. It should be noted that the design of mole irrigation systems based on this single premise may create problems. The effect of high moisture contents in the root zone (70-80 percent pore saturation) for sustained irrigation periods on the physiology and yield response of the crop is not known. Nor is the effect of high moisture levels on development of saline-alkali conditions known. Salt accumulation problems may be particularly acute in semi-arid regions such as the Canadian Prairies. Both factors will affect system design particularly in the heavy textured soils.
General Observations Some observations on the construction and operation of mole lines are:
1. Mole lines sllould be installed when the soil moisture level is at approximately field capacity. Under this condition, a well-formed cavity can be obtained and the pull requirements are relatively low.
2. Mole lines should not be installed in light-textured, sandy soils which contain small amounts of colloidal material. When wetted, these soils tend to sluff badly, possibly resulting in blockage.
3. Mole lines installed approximately 20 in. deep in a silty loam soil, cropped to grain, still conducted water 4 years after i~istallation. In several cases. because cf loose blockages in the line, it took up to 8 hr for the water to travel 200 ft. However, after the flow was established the head loss over these sections was not excessive.
Summary
A study was conducted in several alluvial soils in the Canadian Prairies to investigate the feasibility of the use of unlined mole lines for irrigation. The findings provide useful practical information whicli can be annlied in con-I I struction and design. Some pertinent results are:
1. The pull required to install mole lines varies wit11 the texture, moisture content and bulk density of the soil and the depth of operation. As a general rule, the pull required to install lines to a depth of 2 ft in sandy loam and clay loam soils at field capacity is about 10,000 lb.
2. For practical purposes, mole lines used for irrigation should be placed on the contour.
3. Moisture movement outward from mole lines occurs as a wet front. The average moisture content of the wet zone behind the front was found to be 60-70 percent pore sntn~ation in sandy loam soils, and 70-80 percent pore st~t~l-ration in clay loan soils.
4. The rate of advance and the shape of the wet front is affected greatly by soil anisotropy.
Spacing and irrigation times for
heavy clays or stratified soils cannot be decided entirely on tlie efficiency of application of w a t e r . Consideration must be given to the tolerance of plants and possible physical changes in the soil --resulting from the high moisture levels.
